Arbuscular mycorrhizal (AM) fungi that belong to the phylum Glomeromycota 3 are ubiquitous in terrestrial ecosystems and form mutualistic associations with most 4 land plants (Smith and Read, 2008) . The main benefit of the symbiosis for plants is 5 facilitated uptake of immobile nutrients, especially phosphorus (P), through the hyphal 6 networks constructed in the soil, and thus the fungi play a significant role in P cycling 7 in terrestrial ecosystems. The origin of glomeromycotan fungi is quite ancient: they 8 diverged from other fungi 600 million years ago (Redecker et al., 2000b) , and AM 9 associations coincided with the appearance of primitive land plants about 400 million 10 asymptomatic in many cases, but often have a significant impact not only on 23 phenotypic expression of the host fungus, (e.g., van Diepeningen et al., 2006) , but also 24 on higher order biological interactions, e.g., attenuation of virulence of a plant 25 pathogenic fungus (Choi and Nuss, 1992) and conferring plant thermal tolerance via an 26 endophytic fungus (Márquez et al., 2007) . Recently, three mycoviruses, mitovirus 27 (Stielow et al., 2011b) , totivirus (Stielow and Menzel, 2010) , and endornavirus (Stielow 28 et al., 2011a) have been found in the ectomycorrhizal fungus Tuber aestivum, although 29 their impact on phenotypic expression of the host fungus has yet to be elucidated. These 30 observations led us to hypothesize that AM fungi harbor mycoviruses, which have a 31 major impact on symbiotic interactions, but no information about viruses in AM fungi 32 has so far been reported. 33
One technical limitation for virological study in AM fungi was the difficulty in 34 obtaining a sufficient amount of pure fungal material for purification of viral particles. 35
To clarify the evolutionary position of GRF1V-M, phylogenetic analyses were 123 conducted based on the amino acid sequence of RdRp genes, the most highly conserved 124 gene among RNA viruses (Ghabrial, 1998) . A phylogenetic tree was constructed first 125 with the representative members from all genera of dsRNA mycoviruses. As expected 126 from the preliminary BLAST search, GRF1V-M formed no robust cluster with any of 127 them ( Fig. 4A) . Therefore, subsequent analysis was conducted with the members of 128 Totiviridae, which includes not only mycoviruses but also protozoan and animal viruses. 129
Again GRF1V-M formed no robust cluster, but as predicted by the preliminary search 130 was more closely related to the protozoan (Giardiavirus) and animal viruses than the 131 mycoviruses ( Fig. 4B) . 132
133

Impact of GRF1V-M infection on Glomus sp. RF1 phenotype 134
To assess the impact of GRF1V-M on phenotypic expression of the host 135 fungus by comparing GRF1V-M-free and -positive fungal cultures, single spore culture 136 lines (open culture) were raised, which has often been employed in other fungi to obtain 137 virus-free culture (Hillman et al., 2004) and also in an AM fungus to cure 138 endosymbiotic bacteria (Lumini et al., 2007) . Twelve culture lines were successfully 139 established (first generation), and the presence/absence of GRF1V-S, -M, -L1, and -L2in each line was examined by RT-PCR on the dsRNA fractions prepared from the 141 spores. GRF1V-S, -L1, and L2 were present in all lines, but fortunately, one of the lines 142 (line 3) was found to be GRF1V-M-free. The second generation of the lines was raised 143 from 100 -200 spores produced in the first generation to obtain enough spores for 144 subsequent inoculation experiments, and the presence/absence of the dsRNAs in the 145 generation was further confirmed by Spore productivity, which could be assessed only during symbiosis with plants, 147 was employed as an index of fungal reproductive/competitive potential. Sorghum, one 148 of the greatest spore producers (reviewed in Smith and Read, 2008) , was inoculated 149 with either the GRF1V-M-free or -positive line and grown on sand culture in a 150 greenhouse, and spores were harvested 20 weeks after sowing at which maximum spore 151 production was expected. The GRF1V-M-free line produced at a density of more than 152 130 spores g -1 sand, but the GRF1V-M-positive lines produced only 37 -63% (50 -85 153 spores g -1 sand) of that of the free line (Fig. 5) . 154
The impact of GRF1V-M on plant symbiotic growth was assessed both under 155 acidic (pH 3.4) and non-acidic (pH 5.7) conditions, because Glomus sp. RF1 was 156 originally isolated from acidic soil and highly acid-tolerant (unpublished observation). 157
As a host plant, Miscanthus sinensis that is a C 4 perennial grass species was chosen. 158
Although this species grows more slowly and produces less spores than sorghum, it is 159 highly acid-tolerant (Kayama, 2001; Maki et al., 2008) and thus more suitable for theassessment than sorghum of which the growth is largely limited by soil acidity (Caniato 161 et al., 2007) . M. sinensis was inoculated either with the GRF1V-M-free or -positive line 162 and grown in the greenhouse for 8 weeks, by which time plant growth was not limited 163 by the pot size (though sporulation was minimum). Both the free and positive lines 164 promoted plant growth to the same extent at pH 5.7, compared with the 165 non-mycorrhizal control (Fig. 6 ). At pH 3.4 shoot growth was greater in those 166 inoculated with the free line than with the positive line, although no significant 167 difference in root growth was observed between the two lines. The level of mycorrhizal 168 colonization was not different between the free and positive lines both at pH 5.7 and 169 3.4. 170
171
DISCUSSION
173
The present study demonstrates that the obligate plant symbionts AM fungi 174 harbored diverse dsRNAs, which are highly likely to be mycoviruses, for the first time. 175
The 'two-step strategy', in which molecular characterization was conducted using 176
material from the open culture and the presence was verified by RT-PCR using a small 177 amount of material produced in vitro, was indispensable for the successful detection We assume that the genome may be encapsulated by the S7 core protein (encoded by 209 ORF 2) or, more likely, only associated with the protein to protect the virus from 210 nucleases, because the S7 core protein may not be a real capsid protein (Ueda et al., 211 1997; Hagiwara et al., 2003) . To understand the structure, the first step we are planning 212 is imunoprecipitation of GRF1V-M using antibodies raised against the S7 core protein. 213 GRF1V-M is evolutionarily distinct. Although the phylogenetic analysis 214 indicated that the RdRp gene of GRF1V-M is related to Totiviridae, GRF1V-M cannot 215 be assigned to Totiviridae due to the unique genome structure: an RdRp gene is 216 encoded by the 5'-proximal ORF in GRF1V-M but by the 3'-proximal ORF in 217 Totiviridae, and a 3'-poly(A) tail is present in GRF1V-M but absent in Totiviridae 218 (Fauquet et al., 2005) . On the other hand, the protein encoded by ORF 2 conserves the 219 domain of a structural protein of the plant dsRNA virus Phytoreovirus. These results, inaddition to the fact that glomeromycotan fungi are ancient and have a long history of 221 coevolution with land plants, support the idea that GRF1V-M might have been 222 generated through extensive recombination events among ancestors of the protozoan, 223
animal, and plant viruses, which occurred during the era of eukaryogenesis (Koonin et 224 al., 2008) . 225
Extensive phenotypic variations have been observed not only among AM 226 fungal species but also within the individual species, and this has generally been 227 considered to be due to the genetic diversity of AM fungi as a consequence of the 228 multigenomic nature (Koch et al., 2004) . The intracellular symbiotic bacterium 229 'Candidatus Glomeribacter gigasporarum' in the AM fungus Gigaspora margarita has 230 been shown to be a non-genetic, but a heritable (transmissible) component that altered 231 phenotypic expression of the host fungus (Lumini et al., 2007; Salvioli et al., 2010) . 232
The alteration of phenotype by the bacterium, however, was observed only in the 233 presymbiotic stages, not in the symbiotic stages. The present study demonstrates that 234 the GRF1V-M altered the symbiotic phenotypes i.e. spore productivity and the 235 plant-growth promoting effect of the host fungus Glomus sp. RF1, providing a new 236 possible interpretation for the extensive phenotypic variability in AM fungi: 237 mycoviruses would be a biologically active-transmissible component and definitely a 238 potential player responsible for the phenotypic variability.
GRF1V-M is obscure, ecological relevance of the reduced spore productivity and 241 plant-growth promoting effect of Glomus sp. RF1 is of interest. It has been suggested 242 that considerable photosynthetic carbon is allocated to the fungal symbiont for 243 sporulation (Smith and Read, 2008) . The reduction in spore productivity in Glomus sp. 244 RF1 therefore likely leads to the idea that GRF1V-M improves overall carbon economy 245 of the association via saving excess consumption of carbon. On the other hand, we 246 consider that the impact on plant growth may be limited, because the 247 GRF1V-M-positive line could still improve plant growth compared with the 248 non-mycorrhizal plants under the acidic conditions and the percentage of mycorrhizal 249 colonization, which may reflect infectivity of the fungus, was not significantly different 250 between the GRF1V-M-positive and -free lines. Given that soil acidity is the major 251 selection pressure on AM fungi (An et al., 2008) , it is likely that the acidic stress (pH 252 3.4) in the experimental conditions was so severe for the fungus that a negative impact 253 of GRF1V-M, e.g., a decline in fungal fitness via exploitation of cellular resource due 254 to GRF1V-M proliferation, might be enhanced. Accordingly, further investigation is 255 necessary to elucidate direct relevance of the reduced spore productivity to plant 256 competitiveness with respect to soil acidity. 257
We could detect the large dsRNAs GRF1V-L1 and -L2 in the open-culture 258 spores, but the presence of the large segments in the in vitro culture has not yet been 259 confirmed. Although relative abundance of the dsRNAs in the fungus has not beenestimated, it seems that GRF1V-L1 and -L2 are much less abundant than GRF1V-M 261 (Fig. 1) , which may be one reason why they could not be amplified from a small 262 amount of material. An attempt to increase the yield and purity of dsRNA from a small 263 amount of material is being undertaken for successful detection of in the in vitro culture. 265
In conclusion, the present study sheds new light on AM symbiosis from the 266 viewpoint of virology. The demonstration of the technical feasibility of dsRNA 267 manipulation, at least elimination, implies that improvement/innovation of the 268 symbiotic performance of AM fungi would be possible without genetic manipulation of 269 the fungi. It is expected that the presence/absence and/or molecular feature of 270 mycoviruses would be applicable as a biological marker for identification of 271 geographical isolates and anastomosis groups, because spore formation and 272 anastomosis are the only likely routes of mycovirus transmission. The fact that a novel 273 viral dsRNA was discovered in our very first and limited survey suggests that viruses in 274 AM fungi, at least some of them, may have evolved under unique selection pressures 275
and that further discovery of new viral dsRNA from AM fungi seems highly probable, 276 which will contribute to understanding the coevolution between viruses and 277 glomeromycotan fungi. 278
279
MATERIALS AND METHODS
Glomus sp. RF1 (MAFF520086) was isolated from the rhizosphere of Petasites 283 japonicus var. giganteus grown in acid sulfate soil (< pH 4) in Japan, and the small 284 subunit rRNA gene (SSU rDNA) sequences (GenBank accession no. AB220173) 285
showed similarity to those of G. manihotis and G. clarum in the Glomus-group A. The 286 stock culture of the isolate was established from multiple spores (approx. 50 spores) 287 and has been maintained in sand culture in a temperature (26/20ºC, day/night) /light 288 (14-h day length)-controlled greenhouse using sorghum and groundnut as host plants. http://www.legumebase.agr.miyazaki-u.ac.jp/index.jsp) was pregerminated on 296 moistened filter paper at 25ºC in the dark for 24 h. Three seedlings were transplanted to 297 the mycorrhizal compartment (MC, 26 ml in vol) of the mesh bag culture system in a 298 120 ml plastic pot (6 cm in diam) and inoculated with the fungus at 1,000 spores pot -1 . 299
The mesh bag system consisted of the MC and hyphal compartment (HC) that wereseparated by a cone-shaped 37 µm nylon mesh bag, and both compartments were filled 301 with autoclaved river sand. The pore size of the nylon mesh was small enough to 302 prevent L. japonicus roots from passing but large enough to allow AM fungal hyphae to 303 pass through. The plants were grown in a growth chamber at a photosynthetic photon 304 flux of 150 µmol m -2 s -1 (16-h day length, 25ºC) for a week only with deionized water, 305 thinned to two plants pot -1 , and further grown with low-P nutrient solution (4 mM 306 NH 4 NO 3 , 1 mM K 2 SO 4 , 75 µM MgSO 4 , 2 mM CaCl 2 , 50 µM Fe-EDTA, and 50 µM 307 KH 2 PO 4 ) for 7 weeks. After removing the MC, extraradical mycelium in the HC was 308 harvested from 72 pots by wet sieving, blotted on filter paper, weighed, frozen in liquid 309 nitrogen, and stored at -80ºC for dsRNA extraction. In this process, 0.4 -0.9 g FW 310 mycelia could normally be collected. 311
To obtain single spore culture lines of Glomus sp. RF1 L. japonicus seedlings 312 were pregerminated, transplanted to the 6 cm plastic pot filled with autoclaved river 313 sand without the mesh bag, inoculated with a single spore produced in the stock culture, 314 and grown in the growth chamber for two months under the same conditions as those 315 for the mesh bag culture system (first generation). For further proliferation, sorghum 316 was inoculated with 100 -200 spores produced in the first generation and grown in the 317 sand culture in the greenhouse for four months (second generation). 318
The in vitro monoxenic culture of Glomus sp. RF1 was raised from five spores 319 produced in the stock culture using the Ri T-DNA transformed carrot roots (Bécard andFortin, 1988 ) and maintained at 27˚C in the dark (Supplementary Fig. S1b ). Gene Bio-Application, Kfar Hanagide, Israel), purified again by overnight incubation 331 with DNase I and S1 nuclease, reverse-transcribed using the 6N-anchored primer 332 (Supplementary Table S1 ), and amplified using the anchor primer with Taq polymerase. 333
The program of the thermal cycler was as follows: initial denaturation at 94ºC for 2 min, 334 followed by 40 cycles at 94ºC for 15 s, 55ºC for 30 s, and 72ºC for 2 min, with a final 335 extension at 72ºC for 10 min. The PCR product was sequenced using the Genome 336
Sequencer FLX system with a 1/8-scale gasket (Roche Diagnostics, Tokyo, Japan) and 337 assembled using the SeqNova Data Analysis System at Hokkaido System Science Co., 338
Ltd. (Sapporo, Japan). The sequences of the extreme ends of the dsRNA segment were 339 amplified using the specific primers (Supplementary Table S1 ), cloned, and sequencedby the dideoxy-cycle sequencing method. 341
For specific detection of each dsRNA segment in the open culture material, 342 dsRNA prepared from the electrophoretic gel pieces or from 500 -1,000 spores was 343 used as RT-PCR template, whereas for the detection from the in vitro culture, the 344 template dsRNA was prepared from 200 -300 spores. dsRNA was reverse-transcribed 345 with the 6N-random primer, amplified by nested PCR using the specific primers 346 (Supplementary Table S2 ) with the following thermal cycle program: initial 347 denaturation at 94ºC for 2 min, followed by 40 cycles at 94ºC for 15 s, 62ºC for 30 s, 348 and 72ºC for 45 s, with a final extension at 72ºC for 10 min. The PCR products were 349 subjected to gel electrophoresis, cloned, and sequenced for confirmation. Table S3 . 369
370
Impact of GRF1V-M infection on fungal phenotype 371
To examine spore productivity, sorghum was inoculated with 100 spores of 372 either the GRF1V-M-free or -positive culture lines of Glomus sp. RF1 and grown in 9 373 cm plastic pots (350 mL in vol) filled with river sand in the greenhouse for 20 weeks, 374 during which the low-P nutrient solution was applied every other day (2 plants pot -1 , n 375 = 3). Spores produced in the pots were collected by wet sieving and counted under a 376 stereomicroscope. For assessment of the plant-growth promoting effect of the 377 GRF1V-M-free and -positive culture lines, acid sulfate soil (pH 3.4) collected from 378 Rankoshi, Hokkaido, Japan (An et al., 2008) , was autoclaved and divided into two 379 parts: one part was mixed with calcium carbonate at 12 g kgand the other was not. M. sinensis was sown on either of the soils in 9 cm plastic pots, 381 inoculated with 1,000 spores of the free or positive culture line and grown in the 382 greenhouse for 8 weeks, during which the plants received only tap water (10 plants 383 pot -1 , n = 5). After harvest, shoot and root dry weights were measured, and percentages 384 of mycorrhizal colonization were assessed by the gridline intersection method 385 (Giovannetti and Mosse, 1980) . Nat. Rev. Lumini, E., Bianciotto, V., Jargeat, P., Novero, M., Salvioli, A., Faccio, A., Bécard, G., No significant difference in the levels of colonization was observed between the free and positive lines at P < 0.05. et al., 2007) Anchor-1 CCT GAA TTC GGA TCC TCC -cDNA amplification (Márquez et al., 2007) 4 
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